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ABSTRACT 


In  Part  I  data  on  the  hydrogen  embrittlement  of  one  heat  of  4340  steel  are 
presented  and  evaluated.  The  data  represent  the  mechanical  behavior  of  the  em> 
brlttled  steel  in  the  presence  of  stress  •concentrations .  Two  different  methods  of 
embrittling  the  steel  were  employed.  The  first  was  to  cathodically  embrittle  the 
specimens  in  a  bath  of  10  percent  NaCXi,  and  the  second  was  to  Introduce  em> 
brittlement  through  the  commercial  plating  of  the  specimens . 

Three  different  tests  were  performed  to  evaluate  the  effect  of  hydrogerv  em¬ 
brittlement  on  the  steel  under  different  test  conditions .  The  first  was  a  tensile 
test  and  the  second  a  bend  test.  In  both  of  these  tests  several  loading  rates  were 
used  to  evaluate  the  effect  of  embrittlement  under  different  loading  conditions . 
The  third  test  performed  was  a  stress-rupture  test  to  render  the  evaluation  of  em¬ 
brittlement  under  sustained-load  applicationb  possible. 

Several  of  the  tests  examined  are  suitable  for  the  evaluation  of  hydrogen 
embrittlement.  However,  the  bend  test  is  the  simplest,  and  most  economical 
of  these  tests .  At  the  same  time  it  is  a  sensitive  method  of  evaluatiiig  hydrogen 
embrittlement  in  ultin -high-strength  steels . 
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INTRODUCTION 


The  cx:currencc  of  delayed  failure  in  steels  heat  treated  to  hig^  strength 
levels  is  now  generally  attributed  to  the  action  of  hydrogen  introduced  into  the 
steel  during  electroplating,  (1)  (2).  Because  of  this  adverse  effect  of  absorbed 
hydrogen  on  the  strength  and  ductility  of  steel  and,  in  particular,  of  high-strength 
steels,  it  is  desirable  that  a  convenient  test  be  available  for  the  evaluation  of  the 
brittleness  induced  by  the  presence  of  hydrogen. 

Numerous  test  methods  have  been  used  in  the  past  for  the  determination 
of  brittleness  in  electroplated  parts,  namely,  tension  (1)  (2),  notch-tension  (1) 
(2),  impact  (1),  stress -rupture  (2)  (3),  and  bend  tests  (1)  (4).  Several  of  these 
tests,  while  informative,  are  expensive  and,  therefore,  not  suitable  for  routine 
testing.  Other  tests  are  insensitive  and  will  not  clearly  indicate  embrittlement 
due  to  hydrogen.  Notable  among  the  latter  is  the  impact  test,  which  does  not 
respond  to  hydrogen,  as  will  be  shown  later.  Furthermore,  for  none  of  the  tests 
which  have  recently  been  used  in  measuring  hydrogen  embrittlement  has  there 
been  suitable  correlation  with  the  embrittlement  that  arises  in  the  plating  opera¬ 
tion. 


In  the  present  report  data  for  several  different  test  conditions  are  present¬ 
ed  in  order  to  enable  the  evaluation  of  the  hydrogen  embrittlement  of  a  steel  heat 
treated  to  high  strength  level«  on  the  one  hand,  and  the  suitability  and  sensitiv¬ 
ity  of  the  test  methods,  on  the  other  hand.  A  limited  number  of  test  results  on 
tiie  recovery  behavior  of  hydrogen-emtoittled  steels  are  also  presented. 
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EXPERIMENTAL  PROCEDURE 


Material: 


The  4340  iteel  studied  was  obtained  as  9/16  In.dla.  bar  stock  baTing  tbe 
following  chemical  composition: 


c 

Mn 

P 

s 

SL 

a 

Mo 

0.38 

0.71 

d.017 

0.02 

0.30 

1.90 

0.96 

0.24 

Test  Specimens; 

All  specimens  used  in  this  Investigation  were  rou^  machined  wUh  a  0*020 
In.  oversize  for  grinding  purposes  after  he&t  treatment.  The  besid.  taulle*  notch 
tensile  and  sustained-load  specimens  used  are  Ulustmted  la  Pifure  1. 

Heat  Treatment; 

Specimens  were  heat  treated  at  1600°F  In  a  graphite  block  to  minimize  de* 
carburization,  oil  quenched  and  tempered  at  temperatures  ranging  between  400^F 
and  8009p  for  one  hour.  Figure  2.show8  the  hardness  of  the  4340  steel  as  a  func¬ 
tion  of  tempering  temperature. 

Loading  Rate  Control: 

Tension,  notch -tens  Ion  .and  berul  team  were  performed  with  a  60, 000  pouiUl 
universal  testing  machine.  All  loading  rates  rqrorted  are  approximate  and  are  refer¬ 
enced  to  the  no-load  rate  of  cross-head  movement.  The  three  rates  used  la  the  ten¬ 
sion  and  notch-tension  tests  are  as  follows: 

a)  High  Rate;  2  In.  per*min.  «  approximately  2500  lbs .  per  sec. 

b)  Medium  Rate;  0.2  ”  "  <  approximately  250-400  *««•** 

c)  Low  Rate;  0,02  ”  » approximately  35-40 

In  addition  to  the  above  three  rates.  Impact  rates  were  employed  In  the  bend  teat  by 
the  use  of  a  standard  Impact  testing  machine. 
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Constant-load  tests  were  conducted  in  stress -rupture  test  machines  in  order 
to  simulate  sustained-load  applications. 

In  all  tests  where  concentricity  of  load  was  required  suitable  grips  were  em¬ 
ployed.  Figure  3  shows  the  concentric  fixture  used  for  all  tensile  Investigations  and 
Figure  4  the  rig  that  was  used  for  the  bend  tests . 

Hydrogen -Impregnation  Control; 

Hydrogen  was  introduced  into  the  specimen  either  by  cathodic  treatment  in 
an  electrolyte  of  10  percent  sodium  hydroxide  or.  in  a  few  tests  by  plating  according 
to  commercial  practice . 

In  these  tests  sodium  hydroxide  was  used  to  prevent  etching  of  the  specimen. 
This  Is  believed  to  be  especially  Important  for  the  sharply -notched  specimens  where 
even  minor  etching  could  possibly  modify  the  stress -concentration  effects. 

Hydrogen  Content; 

Tests  were  to  be  conducted  on  specimens  containing  both  medium  and  high 
hydrogen  contents .  In  determining  these  two  levels  of  embrittlement,  that  devel¬ 
oped  by  copper  plating  has  been  taken  as  a  standard  for  medium  hydrogen  content. 
High  hydrogen  content  has  been  taken  as  that  resulting  from  an  exposure  five  times 
that  required  for  medium  hydrogen  content  under  the  same  cell -plating  conditions . 

Aging  Time: 

The  time  Interval  between  the  charging  and  testing  of  the  specimens  was 
maintained  approximately  constant,  at  about  5  minutes .  However,  to  minimize 
diffusion  of  hydrogen  from  the  specimen  to  the  surroundings  during  the  5  minute 
interval,  the  specimens  were  placed  in  a  solution  of  dry  ice  and  acetone  at  approxi¬ 
mately  -80®C. 

Plating; 


A  few  bend  tests  were  performed  on  commen:lally  plated  specimens .  The 
various  plating  conditions  were  as  follows: 

a)  Copper  Plating 

The  solution  consisted  of: 


Copper  cyanide  -  7.2  oz.  per  gallon 
Sodium  cyanide  ■  9.0  oz.  per  gallon 
Potassium  hydroxide  *  1.0  oz.  per  gallon 
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and  was  maintained  at  l40‘^P.  Ttw  cunent  density  used 
was  20  amp.  per  sq.  ft. 

Plate  thickness  *  O.OOOS 

b)  Cadmium  Plating 

The  solution  consisted  of: 

Cadmium  metal  *  3.0  oz.  per  gallon 

Sodium  hydroxide  «  2.6  oz.  per  gallon 

Sodium  cyanide  •  16.4  oz.  per  gallon 

and  was  maintained  at  room  temperature .  The  current  den* 

sity  used  was  30  amp.  per.  sq.  ft. 

Plate  thickness  •  0.00025-0.0003  in. 

c)  Chromium  Plating 

The  solution  consisted  of: 

Chromic  acid  •  29.0  oz.  per  gallon 

Sulphuric  acid  «  0.2  oz.  per  gallon 

and  was  maintained  at  130°F.  The  cunent  density  used 

was  2  amp.  per  sq.  in. 

Plate  thickness  =  0.0003-0.0005  in. 

The  copper  plating  conditions  employed  in  die  sustnined-load  tests  were 
as  follows: 


The  solution  consisted  of: 

Sodium  hydroxide  -  0.00374  gm.  per  c.c. 

Copper  cyanide  ~  0.0262  gm.  per  c.c. 

Rochelle  salt  ■  0.03  gm.  per  c.c. 

and  was  maintained  at  120°?.  The  current  density  used 

was  100  ma .  per  sq.  in.  for  a  period  of  10  minutes . 
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EXPERIMENTAL  RESULTS 


Bend  Tests; 

n:ellmlnaiy  experimentation  served  to  evaluate  the  effects  of  medium  mid 
high  hydrogen  contents .  For  this  purpose  bend  tests  were  used. 

The  results  of  bend  tests  on  smooth  and  notched  specimens  are  presented 
in  Figures  5a,  5b  and  5c.  The  ductility  of  smooth  specimens  measured  by  the  de¬ 
flection  at  fracturing  clearly  revealed  the  effects  of  various  conditions  of  embrittle¬ 
ment,  and  various  loading  rates.  Figure  5a.  The  fracture  load  follows  a  trrad  sim¬ 
ilar  to  that  of  ductility  but  it  is  more  difricult  to  determine  accurately  and  is  less 
sensitive.  Figure  5b.  The  ductility  of  notched  specimens  was  found  to  be  rather 
insensitive,  and  this  also  applies  to  the  fracture  load,  but  to  a  less  degree,  Figure  5 
c.  Because  of  this  lack  of  sensitive  response  to  hydrogen  embrittlement  exhibited 
by  notched  specimens,  all  the  testing  was  performed  on  smooth  specimens,  Figures 
5a  and  5b,  except  for  the  one  set  of  notched  specimens  presented  in  Figure  Sc. 

The  most  notable  feature  of  Figure  5a  is  the  pronounced  dependence  of  hy¬ 
drogen  embrittlement  on  loading  rate.  Specimens  embrittled  under  the  most  severe 
conditions  remained  ductile  in  the  impact  test.  In  contrast,  a  decrease  in  the  load¬ 
ing  rate  by  about  two  orders,  to  the  maximum  loading  rate  possible  In  an  ordinary 
tensile  machine,  led  to  pronounced  embrittlement  under  nearly  all  controllable  cell- 
opeiatlng  conditions .  For  ceU -operating  conditions  which  did  not  lead  to  gas  evo¬ 
lution,  no  embrittlement  was  observed  for  any  exposure  time.  For  cell-eaqmsure 
times  of  20  minutes  or  more  hydrogen  emlxittlement  was  observed  with  this  test  at 
current  densities  of  4.5  ma.  per  sq.  in.  or  greater. 

Bsnd-test  data  for  plated  specimens.  Figure  6,  indicate  that  hydrogen  em¬ 
brittlement  due  to  plating  is  severe  and  recovery  has  not  taken  place  after  holding 
at  room  temperature  for  48  hours .  Thus ,  if  plating  conditions  are  to  be  simulated, 
rather  severe  cathodic  treatment  is  required.  For  this  reason  two  hydrogen  contents 
have  been  defined  in  terms  of  current  density  t^ken  at  approximately  1/2  uaap,  per 
sq.  in.  for  one-half  hour  erqwsure  for  medium  hydrogen  content,  and  for  two  and 
one-half  hours  exposure  for  Ugh  hydrogen  content. 

Additional  data  presented  in  Figure  6  pertain  to  the  recovery  from  hydrogen 
er^brittlemant  of  plated  specimens .  Prolonged  holding  at  room  tempmature  leads 
to  slight  recovery  after  copper  plating.  Effective  recovery,  however,  is  not  possi¬ 
ble  at  room  temperature  within  holding  times  of  over  a  week,  so  diet  baking  pro¬ 
cedures  ate  indicated. 
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Within  the  sensitivity  limits  of  the  bend  test  both  copper-  and  cadmium* 
plated  specimens  are  recovered  after  baking  for  24  hours  at  300°F*  •  The  data  in 
Figure  6  indicate  that  shorter  baking  times  at  this  temperature  are  not  fully  effec¬ 
tive.  Longer  times  ate  not  required  by  the  evidence  of  this  test.  Full  recovery 
of  the  chromium-plated  specimens  was  not  effected  by  any  of  the  treatments  used., 
although  all  baking  treatments  did  lead  to  an  improvement  in  ductility. 

Thermal  cycling  treatments  have  been  reported  as  being  potentially  effec¬ 
tive  for  the  elimination  of  hydrogen,  (j5).  For  some  applications  such  cycling  has 
potential  advantages  «  The  few  data  presented  in  Figure  6  indicate  that  thermal 
cycling  has  no  advantage  over  heating  at  a  constant  temperature  in  eliminating 
hydrogen  embrittlement. 

Tension  and  Notch-Tension  Tests: 


Tension  tests  on  smooth  specimens  yielded,  according  to  Figures  7.  and  8, 
complex  behavior  due  to  the  stress-concentration  effect  at  the  fillet  under  the  head. 
Therefore,  these  results  will  be  discussed  further  below. 

0 

The  many  combinations  of  pertinent  factors  involved  in  the  tension  and 
notch -tens  ion  investigation  require  a  large  volume  of  experimental  woik  in  order  to 
accurately  establish  their  effects .  As  large  scattering  has  been  observed  in  this 
type  of  test  on  hydrogen  embrittled  specimens,  establishing  probable  trend  curves 
requires  special  efforts  .  To  arrive  at  such  trend  curves,  it  is  believed  that  the  re¬ 
sults  of  the  large  total  volume  of  work  can  be  used  to  compensate  for  the  lack  of 
sufficient  parallel  tests  in  each  individual  test  condition.  The  procedure  used  con¬ 
sisted  of  first  averaging  all  values  for  a  particular  strength  level  and  thus  establish¬ 
ing  a  general  average  trend  curve  for  the  effect  of  strength  level.  It  was  then  ob¬ 
served  that  for  approximately  one  half  of  die  individual  test  series  the  ejqperimental 
points  agreed  within  ^10  percent  to  a  trend  curve  nearly  parallel  to  the  average  curve. 
In  other  Instances  only  one  point  deviated  to  a  greater  extent  ffom  such  trend  curvesj 
while  in  only  a  few  instances  rather  large  deviations  were  observed.  This  principle 
can  be  fiirth^  utilized  with  respect  to  the  other  embrittling  factors  used  in  the  Inves¬ 
tigation.  The  strength  should  decrease  with  decmase  in  the  loading  rate,  or  with 
Increase  of  either  hydrogen  content  or  stress -concentration.  It  was'  discovered  that 
tread  curves  drived  as  described  above  conformed  to  this  principle*  In  contrast, 
nearly  all  points  which  deviated  from  the  trend  curves  were  also  found  to  be  , In  disa¬ 
greement  with  the  trend  demanded  by  one  or  more  of  die  fimtors  which  should  reduce 
ductility. 
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*The  notch  properties  of  4340  steel  heat  treated  to  very  high  strengdi  level  by  temper¬ 
ing  at  400  to  4S0^F  are  modified  by  prolonged  holding  In  this  temperature  range.  About 
300^F  Is  considered  as  the  maximum  safe  temperature  for  baking  times  of  24  hours . 


The  final  result  of  such  an  aM.lysls  was  that  all  trend  curves  belong^  to  a 
single  family.  The  location  of  an  indilvidual  curve  in  such  a  family  was  determined 
by  any  single  (accurate)  test  point.  Identical  trend  curves  frequently  resulted  from 
various  combinations  of  the  embrittling  factors . 

The  tests  on  smooth  specimens  were  unsuccessful  in  that  failure  of  the  high- 
strength  conditions  usually  occurred  at  the  fillet  under  the  head.  The  stress -concen¬ 
tration  at  this  location  was  rather  low,  approximately  1,7,  It  was  only  at  800°F  tem¬ 
pering  temperature  that  failure  of  the  smooth  specimens  always  occurred  in  the  test 
section.  Despite  such  premature  failures,  the  test  results  reported  in  Figures  7  and 
8  are  very  instmctive.  The  competition  between  the  two  different  areas  of  potential 
failure  led  to  the  conclusion  that  the  rather  mild  condition  of  stress -concentration  at 
the  fillet  caused  a  considerable  higher  reduction  in  strength  than  would  be  expected 
to  result  from  the  same  stress -concentration  value  Introduced  by  a  circular  notch. 

Its  effect  closely  corresp>onded  to  that  of  a  considerably  sharper  cylindrical  notch  in¬ 
troducing  a  stress -concentration  berween  3  and  5,  Figures  15  and  16.  The  only  possi¬ 
ble  explanation  is  the  fact  that  the  conditions  existing  at  the  fillet  involve  more 
factors  than  a  simple  stress-concentration  effect.  One  of  these  is  the  existence  of  a 
hydrogen  contoit  higher  than  that  present  in  a  circular  notch  as  discussed  in  a  suc^ 
ceeding  paragraph.  A  second  is  the  existence  of  a  stress -gradient  different  from 
that  In  a  circular  notch.  Finally,  there  is  the  possibility  of  eccentric  loading  which 
is  detrimental  to  the  strength  of  embrittled  specimens  with  a  fillet.  The  results  ob¬ 
tained  for  the  smooth  specimens  are  the  product  of  all  factors  involved  and  the  isola¬ 
tion  of  each  effect  is  impossible  with  the  limited  data  diat  are  available.  The  stress- 
concentration  calculated  for  the  fillet  is  marked  with  a  subscript  QCj^),  to  diffo^ntlate 
It  from  the  other  type  of  stress  concentration. 

The  introduction  of  hydrogen  into  a  notched  specimen,  under  all  conditions 
studied,  revealed  according  to  Figures  9  to  16»  severe  embrittlement  for  the  400  to 
700^F  tempering  temperatures  and  rather  moderate  embrittlement  for  the  800^F  tem¬ 
perature. 

As  in  the  case  of  the  smooth  specimens,  the  strength  decreases  l.e.  the 
trend  curve  is  lowered,  as  the  loading  rate  is  decreased  or  as  either  die  hydrogen 
content  or  the  stress -concentration  is  increased. 

In  Figures  15  and  16  the  effectiveness  of  both  medium  and  hig^  hydrogen 
contents  in  leading  to  embrittlement  for  the  various  stress -concentration  conditions 
is  particularly  emphasized.  Thus,  a  very  sensitive  index  of  hydrogen  embrittlement 
is  provided  by  the  smooth  specimens  containing  a  notch  of  low  stress -raising  capac¬ 
ity  at  the  Juncture  of  the  head  and  test  section.  This  observation  has  highly-slgnlficant 
practical  implications .  However,  it  Is  difficult  to  account  for  it  on  the  basis  of  theory. 
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It  appears  that  the  inversion  of  effect  of  stress -concentration  in  promoting  embrittle¬ 
ment  is  due  to  a  multiplicity  of  factors  discussed  previously.  Among  these  is  the 
change  in  the  cell-operating  conditions  caused  by  the  change  in  the  geometry  of  the 
specimen  which  constitutes  the  cathode  of  the  ceil.  For  example,  the  '*thiowing 
power”  of  a  plating  cell  is  altered  by  the  geometry  of  the  cathode.  As  a  consequence 
the  hydrogen  content  of  the  metal  at  the  base  of  a  sharp  circular  notch  would  be  less 
than  that  in  a  volume  of  metal  in  the  smooth  contour  of  a  well  filleted  shoulder.  Fur¬ 
ther,  the  diffusion  for  the  sharp  circular  notch  would  be  along  a  two-dimensional  gradi¬ 
ent  while  for  the  smooth  specimen  this  gradient  would  be  one-dimensional.  It  may  be 
expected,  therefore,  that  the  hydrogen  content  of  the  shoulder  of  the  smooth  specimen 
would  be  higher  and  would  remain  higher  than  that  at  the  base  of  the  sharp  circular 
notch. 

Sustained- Load  Failures? 


Sustained -load  failures  have  been  one  of  the  most  perplexing  types  of  failures 
traceable  to  the  action  of  hydrogen.  This  type  of  Allure  has  recently  been  studied  at 
length  at  Case  Institute  of  Technology  (2).  The  embrittling  conditions  employed  in 
the  Case  studies  were  probably  mild  compared  to  plating  conditions  and  were  very 
mild  compared  to  those  used  here.  Results  obtained  in  the  present  program  under  the 
more  severe  embrittling  and  plating  conditions  for  smooth  and  notched  specimens  are 
presented  in  Figures  17  to  26. 

Although  the  test  section  of  the  smooth  specimens  used  in  this  investigation 
for  sustained -loads  was  reduced,  see  Figure  1,  the  specimens  broke  either  under  the 
head  or  at  the  1/8  in.  rad.  fillet,  where  the  stress -concentration  is  approximately  1,1 
As  in  the  case  of  the  smooth  tensile  tests,  the  results  for  the  smooth  specimens  in 
the  stress -rupture  investigations  were  evaluated  on  the  basis  of  the  stress-concentra¬ 
tion  existing  at  the  locations  of  failure.  Again  as  in  the  case  of  the  tensile  experi¬ 
ments,  the  comparatively  mild  notch  under  the  specimen  head  caused  a  higher  reduc¬ 
tion  in  strength  than  would  result  from  the  same  stress -concentration  due  to  a  circu¬ 
lar  notch.  The  results  presented  in  Figures  22  and  23  show  that  the  effects  of  a 
stress -concentration  of  1,7  under  the  specimen  head  are  comparable  to  those  of  a 
stress -concentration  of  5  introduced  by  a  circular  notch.  The  only  explanation  avail¬ 
able  would  be  the  same  as  was  offered  for  the  results  of  the  tensile  tests. 

From  Figures  17  to  26  it  is  seen  that  for  all  tests  sustained  loads  led  to  re¬ 
duced  fracture  strength  for  the  embrittling  and  plating  conditions  studied. 

The  sustained -load  test  data  are  plotted  on  linear  coordinates,  Figures  25 
and  26,  In  these  latter  two  figures  the  transitional  behavior  emphasized  in  the  semi¬ 
log  plots  is  still  observed,  but  it  Is  seen  to  depend  on  the  experimental  conditions 
for  Its  time -wise  location. 
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The  fracture  sections  in  specimens  broken  by  sustained  loads  are  composed 
of  a  central  circular  section  surrounded  by  an  outer  peripheral  and  usually  symmet¬ 
rical  rim  area,  Figure  27.  The  lov -load  fractures,  therefore,  closely  resemble  low- 
load  fatigue  fractures .  In  the  present  work  the  development  of  the  two  fracture  zones 
has  been  considered  as  being  an  analogy  to  the  development  of  the  two  fracture  zones 
in  typical  fatigue  failures .  Thus,  through  the  combined  action  of  high  stress  and 
hydrogen  presence,  a  fracture  is  initiated.  This  crack  is  propagated  as  a  function  of 
the  rate  of  hydrogen  diffusion  to  the  propagating  crack  front  and  as  as  a  function  of  the 
rate  of  increase  of  the  stress  concentration  and  stress  level  due  to  the  change  in  notch 
geometry  through  the  development  of  the  crack  and  due  to  reduction  in  the  cross  sec¬ 
tion  through  propagation  of  the  crack.  These  factors  may  untimately  lead  to  failure 
at  nominal  stresses  very  much  lower  than  the  failure  stresses  expected. 

According  to  the  above  theory,  the  notch  strength  of  the  specimen  referred  to 
the  instantaneous  fracture  section  should  remain  constant  after  a  stable  notch  condi¬ 
tion  has  been  reached,  i.e.  after  a  maximum  stress  concentration  has  been  achieved. 
Data  ndiich  may  be  examined  in  this  way  are  presented  in  Figure  28, 

The  notch  strength  data  fall  into  two  groups  in  the  first  of  which  the  notch 
strength  remains  constant  throughout,  and  indicating  that  the  steel  in  this  condition 
is  notch  insensitive.  In  the  second  group  the  notch  strength  drops  with  increasing 
time  to  mpture  and  stabilizes  at  a  value  of  about  125,000  psi.  The  circumstances  of 
the  test  would  indicate  that  this  reduction  in  the  instantaneous  notch  strength  is  due 
to  the  increase  in  the  notch  sharpness  and  thus  to  the  increase  in  the  stress  concen¬ 
tration  due  to  the  crack.  This  reduction  is  probably  not  due  to  the  action  of  the  hydro¬ 
gen  on  the  structure  as  indicated  by  the  results  for  the  steel  tempered  at  800°F. 

The  cracks  postulated  from  examination  of  Figure  28  should  be  detectihle  In 
the  early  stages  of  the  test,  and  the  photographs  shown  in  Figure  29  were  taken  at 
two  stages  of  crack  development  in  a  notched  copper  plated  specimen  under  different 
loading  conditions.  The  crack  is  very  fine  and  is  difficult  to  photograph,  but  is  easi¬ 
ly  observable  when  the  specimen  under  load  is  examined  with  a  high  power  lens . 

The  extent  of  crack  penetration  for  the  specimens  for  two  stress  concentra¬ 
tions  and  three  tempering  temperatures  was  measured  as  a  function  of  time  to  frac¬ 
ture,  Figure  30.  Of  interest  is  the  initial  rapid  rate  of  growth  of  the  crack  in  the 
specimens  tempered  at  500  and  700°F  as  compared  to  the  crack  growth  In  specimens 
tempered  at  800^F.  The  rates  of  continued  growth  In  the  three  sets  of  specimens 
after  the  preliminary  stage  appear  to  be  constant.  This  crack  growth,  as  explained 
earlier,  is  due  to  hydrogen  diffusion  and  these  data  indicate  that  die  rate  of  hydrogen 
diffusion  far  the  three  steel  conditions  is  effectively  constant. 
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The  differences  In  the  Initial  crack  growth  rates  are  possibly  due  to  one  or 
both  of  two  factors,  namely,  a)  structural  differences  resulting  from  the  different 
tempering  treatments  for  the  different  steel  conditions,  and,  b)  reduction  In  the 
hydrogen  content  at  the  base  of  the  sharper  notch  to  be  attributed  to  the  cell-oper¬ 
ating  conditions  as  discussed  earlier. 

The  depths  of  hydrogen  penetration-tiiae  data  Inferred  from  Figure  30 
in  agreement  with  die  data  presented  by  Case  (2). 
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DISCUSSION 


The  eiqjeri mental  data  that  have  been  presented  here  indicate  that  a  variety 
of  tests  are  available  for  evaluating  hydrogen  embrittlement  in  ultra-high-strength 
steels .  Unquestionably  the  simplest  test  method  examined  is  the  bend  test  of 
smooth  specimens .  Low  cost  and  ease  of  testing  are  important  factors  which  may 
be  advanced  in  favor  of  this  test  procedure. 

The  qualitative  features  of  the  data  for  cathodic  embrittlement  in  caustic 
soda  are  in  essential  agreement  with  the  data  of  Case  (2)  and  Battelle  Memorial 
Institute  (3).  The  present  data  quantitatively  represent  an  embrittlement  condition 
intermediate  between  the  extreme  conditions  studied  by  the  other  two  groups  of  in¬ 
vestigators.  The  use  of  the  non -etching  cell  environment,  therefore,  does  not 
lead  to  qualitative  differences  in  the  data .  The  data  obtained  for  plated  specimens , 
however,  indicate  qualitative  differences  from  cathodically-embrittled  specimens . 
These  differences  appear  mainly  in  the  recovery  characteristics  of  the  embrittled 
and  plated  specimens.  For  example.  Case  reports  considerable  recovery  of  em¬ 
brittled  specimens  on  holding  at  room  temperature  for  24  hours .  Similar  results 
have  been  reported  by  Syracuse  University  (6)  for  holding  temperatures  of  about 
80.  32  and  -lOO^F  for  tend  specimens .  (The  time  for  full  recovery  at  each  tem¬ 
perature  varied  widely  in  this  study.)  On  the  other  hand,  plated  specimens  held 
for  more  than  a  wedc  at  room  temperature  are  still  fully  as  brittle  as  freshly  em¬ 
brittled  specimens  or  are  only  slightly  recovered.  Furthermore,  while  certain 
plated  conditions  can  be  restored  through  baking  to  a  practically  unembrittled  con¬ 
dition  there  is  a  question  whether  this  is  possible  after  chromium  plating.  It  is 
believed  that  these  different  behaviors  result  from  the  different  cell  conditions  un¬ 
der  which  hydrogen  is  introduced  into  the  steel  and  from  the  different  diffusion  sys¬ 
tems  present  in  the  embrittled  specimens  after  removal  from  the  electrolytic  cell. 

In  the  cathodic  treatment  of  the  specimen,  hydrogen  may  be  considered  as 
being  plated  on  the  specimen  surface.  This  surface  is  an  efficient  catalyzer  of 
die  reaction  H(ionic)-^H^mQlgcular)  plating  condition.  Little  of  the 

hydrogen  passed  through  the  cell  enters  the  specimen.  This  condition  is  modi¬ 
fied  at  least  in  part  during  plating  and  the  hydrogen  that  is  plated  on  during  the  tme 
plating  operation  is  retained  on  the  surface  and  is  free  to  diffuse  into  the  steel  from 
this  location.  Some  measure  of  the  hydrogen  entrapped  in  the  plate  is  given  by  the 
plating  efficiency  of  the  plating  bath  used.  While  side  reactions  have  been  neglect¬ 
ed  here  in  determining  cell  efficiencies,  there  is  little  question  that  large  amounts 
of  hydrogen  are  present  in  the  various  plates .  Once  the  plated  and  cadiodically 
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emtvittled  specimens  are  removed  from  the  electrolytic  cells  physically  different 
hydrogen  gradients  are  established  at  the  steel  surface  for  thb  two  conditions.  These 
two  types  of  gradients  are  indicated  in  Figure  31. 

For  the  cathodically  embrittled  specimen  the  surface  is  open  and  hydrogen 
is  free  to  diffuse  immediately  away.  While  the  hydrogen  contentat  the  surface  is 
thus  reduced,  an  appreciable  fraction  of  the  total  hydrogen  in  the  specimen  is  also 
probably  lost  in  a  very  short  time.  This  is  contrary  to  the  condition  which  is  visu¬ 
alized  for  the  plated  specimen  where  the  hydrogen  content  at  the  plate -specimen 
interface  will  remain  at  a  high  level  until  it  is  dissipated  by  diffusion  either  into  the 
specimen  or  through  the  plate,  to  be  oxidized  or  otherwise  removed  from  the  plave 
surface.  The  diffusion  process,  however,  may  be  complex  and  may  lead  to  a  sta¬ 
tionary  state  with  high  hydrogen  content  at  the  plate-steel  interface,  in  which  case 
a  nearly  permanent  state  of  hydrogen  embrittlement  would  result.  Under  steady 
load  application  this  hydrogen  would  then  be  available  for  the  development  of  a 
crack  and  ultimate  fracture  as  has  been  described. 

kiany  questions  have  been  raised  in  the  examination  of  the  problem  of  hydro  < 
gen  embrittlement.  One  of  these,  for  example,  is  the  role  of  hydrogen  in  promoting 
crack  formation.  Another  is  the  possibility  that  certain  plating  operations  may  lead  to 
permanent  damage  and  embrittlement  of  the  steel.  Finally,  the  coating  of  plated 
specimens  may  represent  a  source  of  hydrogen  leading  to  embrittlement  of  the  steel. 
These  questions  must  be  left  open  at  the  present  time. 
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APPENDIX 


Tables  I  -  III 
Investigation. 

Table  I 

Table  II 

Table  m 


give  the  results  of  all  tests  peiformed  in  this 

Bend  Data 
Tensile  Data 
Sustained-Load  Data 
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TABLE  1(a) 


Results  of  Hydrogen  Embrittled  Bend  Test  Specimens  of  4340  Steel  (1600°F/oll) 

Test  Temp.  =  R.T. 


Type  of  Spec . 
and 

Temp.  Temp. 

Current  Density 

ma.per  sq.in. 

Charging 

Time 

min. 

— 

Strain  Rate 

in. per  min. 

Deflection 

in. 

Fracture 

Load -lb. 

Notched 

447 

0 

0.02 

8,700 

700°F 

It 

45 

ff 

5,800 

90 

ft 

5,400 

If 

135 

tt 

5,700 

10 

5 

0.20 

15, 500 

•  1 

10 

ft 

13,700 

fl 

15 

tt 

0.179 

14,000 

ft 

20 

I' 

0.142 

13,500 

ft 

30 

tt 

12,600 

It 

60 

ft 

11,900 

ft 

90 

ft 

0.065 

11,500 

Smooth 

ft 

120 

ft 

0.054 

10,900 

400°? 

200 

5 

tf 

0.140 

13,500 

ff 

15 

tt 

0.104 

12,400 

tl 

30 

ff 

0.062 

11,400 

ff 

60 

ff 

0.060 

11,400 

ff 

90 

ft 

0.075 

11,700 

ff 

120 

tt 

0.067 

11,700 

10 

2-1/2 

2.00 

0.260 

17,600 

ff 

5 

tt 

0.200 

13,800 

JjVApC  TR  55-13 
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TABLE  I(a)Cont’d 


Results  of  Hydrogen  Embrittled  Bend  Test  Specimens  of  4340  Steel  (l600^F/oll) 

Test  Temp.  -  R.T. 


Type  of  Spec . 
and 

Temp.  Temp. 

Current  Density 

ma.per  sq.ln. 

Charging 

Time 

min. 

Strain  Rate 

in. per  mln> 

Deflection 

in. 

Fracture 

Load-lb, 

10 

■i 

2.00 

RIB 

fi 

■■ 

II 

•  * 

II 

0.190 

It 

30 

II 

0.160 

13,300 

It 

60 

If 

0.125 

12,600 

It 

90 

II 

0.114 

12,700 

It 

90 

It 

0.095 

12,200 

If 

120 

II 

0.100 

12,300 

200 

5 

•1 

0.140 

13,500 

Smooth 

II 

15 

•1 

0.155 

14,900 

400°F 

II 

30 

II 

0.170 

13,500 

II 

60 

tl 

0. 136 

14,200 

II 

90 

II 

0.130 

12,600 

II 

90 

II 

0.120 

13,800 

If 

120 

II 

0.106 

14,600 

0 

0 

Impact 

0.360* 

10 

5 

If 

0.360* 

ft 

20 

If 

0.360* 

200 

60 

11 

0,360* 

1000 

120 

If 

0,360* 

*Did  not  fracture 
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TABLE  1(b) 


Results  of  Commercially  Plated  Bend  Test  Specimens  of  4340  Steel  (l600®F/oil), 
Tempered  at  400°F.  Test  Temperature  ■  R.T. 


Type  of 
^  Plating 

Treatment  given  to  Specimen 

Strain  Rate 
In. per  min. 

Deflection 

In. 

Fracture 

Load -lb. 

Aged  for48  hrs  .  after  Plating 

0.20 

11,600 

Cadmium 

Aged  for  212  hrs .  after  Plating 

«f 

12.200 

Plating 

Heated  to  300^F  for  10  hrs . 

•  I 

Heated  to  300°F  for  24  hrs . 

It 

0.260* 

Cycled  20  times  (R.T.-300°F) 

II 

0.100 

12. 100 

Aged  for  48  hrs .  after  Plating 

II 

0.100 

12,000 

Aged  for  212  hrs .  after  Plating 

II 

0.100 

12,200 

Chromium 

Heated  to  300^F  for  10  hrs . 

II 

0.215 

14, 100 

Plating 

Heated  to  300^P  for  24  hrs . 

•1 

0.195 

13,700 

Cycled  20  times  (R.T.-300OF) 

II 

0.195 

14,300 

Aged  for  48  hrs .  After  Plating 

•1 

0.100 

13,000 

Copper 

Aged  for  212  hrs .  After  Plating 

If 

0.165 

13, 700 

Plating 

Heated  to  300<^F  for  10  hrs . 

II 

0.200 

14, 100 

Heated  to  300^F  for  24  hrs . 

II 

0.265* 

Cycled  20  times  (R.T.-300OF) 

II 

0.190 

13,700 

*Oid  not  Fracture 
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TABLE  11(a) 


Results  of  0.3  In.dla.  Tensile  Specimens  of  4340  Steel  (1600°F-oll)  Hydrogen  Embrittled 
in  a  Bath  of  10  %  NaOH  at  30^0  with  a  Cunent  Density  of  447  ma.per  sq.in.  for  1/2  hr. 
and  Tested  at  a  Loading  Rate  of  0.02  in.  per  min.  Test  Temp.  -  R.T. 


Tempering 

Temp.-®F 

Strength  •  1000  psi 

Percent  Reduction  of  Area 

m 

K  *  3 

K  «  5 

K  =  10 

B 

B 

K  s  5 

K  =  10 

400 

232.6 

188.2 

178.1 

205.5 

• 

mm 

B 

0.9 

500 

170.7 

233.7 

174.1 

149.7 

* 

m 

B 

0.6 

600 

240.1 

259.8 

210.7 

156.9 

49.1 

m 

0.8 

0.8 

700 

226.3 

229.7 

180.0 

202.0 

50.8 

1.7 

1.1 

0.6 

800 

202.1 

272.0 

260.6 

271.0 

49.9 

D 

B 

3.7 

*Btoke  under  head 
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TABLE  11(b) 


Results  of  0.3  In.dia.  Tensile  Specimens  of  4340  Steel  (16(X)^F -oil)  Hydrogen  Embrittled 
In  a  Bath  of  10%  NaOH  at  30°C  with  a  Current  Density  of  447  ma.  per  sq.  In.  for  1/2  hr. 
and  Tested  at  a  Loading  Rate  of  0.20  In.  per  min.  Test  Temp.  -  R.  T. 


Tempering 

Temp.-®F 

Strength -1000  psl 

Percent  Reduction  of  Area 

K  -  1 

K  =  3 

B 

o 

II 

LJ1_ 

m 

K  =  3 

B 

K  *  10 

400 

213.6 

233.7 

173.8 

192.4 

* 

2.3 

1.4 

1.7 

500 

255.3 

266.9 

203.3 

168.0 

* 

1.1 

1.6 

0.8 

213.5 

249.3 

208.8 

184.7 

* 

1.7 

1.7 

700 

223.0 

239.5 

201.9 

237.1 

50.7 

1.1 

1.1 

2.3 

800 

200.1 

274.1 

262.6 

275.9 

53.5 

2.6 

4.5 

6.2 

*BR}ke  under  head 
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TABLE  U  (c) 


Results  of  0.3  in.  dla.  Tensile  Specimens  of  4340  Steel  (1600^F/oil)  Hydrogen  Embrittled 
in  a  Bath  of  10%  NaOH  at  30°C  with  a  Cunent  Density  of  447  Ma.  per  sq.  in.  for  1/2  hr. 
and  Tested  at  a  Loading  Rate  of  2.00  in.  per  min.  Test  Temp.  ■  R.  T. 


Tempering 

Temp.-®F 

Strength 

-  1000  psl 

Percent  Reduction  of  Area 

g 

K  =  3 

K  =  5 

— 

K  -  10 

g 

K  -3 

K  =  5 

K  =  10 

268.6 

247.1 

221.1 

225.9 

50.8 

2.3 

1.2 

0.6 

500 

245.8 

283.0 

237.1 

185.0 

* 

2.9 

2.7 

0.8 

216.2 

236.6 

190.7 

168.0 

« 

1.7 

1.1 

1.4 

700 

222.8 

250.0 

200.0 

45.5 

3.1 

3.2 

800 

215.7 

267.7 

260.6 

247.0 

52.2 

5.4 

3.1 

5.5 

*Btake  under  head 
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TABLE  II  (d) 


Results  of  0.3  in.  dia.  Tensile  Specimens  of  4340  Steel  (1600^F/oll)  Hydrogen  Embrittled 
In  a  Bath  of  10%  NaCM  at  30^C  with  a  Cuitent  Density  of  447  Ma.  per  sq.  In.  for  2-1/2  hrs . 
and  Tested  at  Loading  Rate  of  0.02  In.  per  min.  Test  Temp.  ■  R.  T. 


Tempering 
Temp. -Op 

Strength 

-  1000  psl 

Percent  Reduction  of  Area 

D 

K  =  3 

K  =  5 

K  =  10 

B 

— 

CO 

II 

K  =  5 

K  -  10 

400 

254.6 

292.4 

252.1 

232.4 

* 

B 

2.3 

0.9 

500 

280.1 

295.2 

247.1 

210.8 

35.6 

3.4 

1.7 

1.4 

600 

221.4 

262.0 

232.9 

190.3 

* 

2.3 

1.1 

1.7 

700 

230.4 

256.3 

2  45.0 

47.5 

3.6 

2.3 

1.4 

800 

204.1 

292.0 

284.5 

50.5 

6.0 

4.5 

3.1 

*Bkoke  head 
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TABLE  U  (e) 


Results  of  0.3  In.  dia.  Tensile  Specimens  of  4340  Steel  (1600°F/oll)  Hydrogen  Embrittled 
In  a  Bath  of  10%  NaOH  at  30°C  with  a  Current  Density  of  447  ma.  per  sq.  In.  tot  2-1/2  hrs . 
and  Tested  at  a  Loading  Rate  of  0.20  in.  per  min.  Test  Temp.  •  R.  T. 


Tempering 
Temp. -Op 

Strength  - 

1000  psl 

Percent  Reduction  of  Area 

K  =  1 

m 

K  =  5 

II 

o 

K  «  1 

IH 

K  =  5 

It 

o 

400 

1 

1 

188.2 

125.7 

157.1 

0.8 

0.3 

500 

147.8 

180.3 

191.1 

120.1 

* 

1.7 

0.6 

0.6 

141.2 

163.8 

131.4 

147.3 

* 

2.8 

0.9 

0.3 

700 

133.0 

179.3 

159.5 

140.8 

* 

1.4 

0.6 

0.6 

800 

198.9 

214.1 

223.  C 

271.0 

49.8 

2.3 

2.8 

3.1 

*Btoke  under  head 
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TABLE  n  (f) 


Results  of  0.3  in.  dia.  Tensile  Specimens  of  4340  Steel  (1600^F-oil)  Hydrogen  Embrittled 
in  a  Bath  of  10%  NaOH  at  30°C  with  a  Current  Density  of  447  ma.  per  sq.  in.  tot  2-1/2  hrs. 
and  Tested  at  a  Loading  Rate  of  2.00  in.  per  min.  Test  Temp.  ■  R.  T. 


Tempering 
Temp. -op 

Strength  -  1000  psi 

Percent  Reduction  of  Area 

K  -  1 

K  =  3 

B 

K  «  10 

K  •  1 

K  =  3 

K  =  5 

o 

II 

400 

188.8 

215.3 

167.6 

188.9 

• 

2.8 

0.3 

500 

186.3 

246.4 

160.0 

149.7 

* 

0.6 

1.1 

n 

153.9 

185.4 

150.9 

147.7 

* 

0.8 

B 

700 

173.8 

167.4 

169.5 

180.3 

* 

0.6 

0.0 

2.0 

800 

203.1 

255.7 

230.0 

276.4 

52.8 

4.8 

2.3 

5.5 

*Etoke  under  head 
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TABLE  in  (a) 


Results  of  Sustained -Load  and  Constant  Rate  Tests  on  Hydrogen  Embrittled  Specimens  from 
4340  Steel  (l600°F/oil)  Test  Temp.  =  R.T.  Bath:  10%  NaOH  at  30°C-447  ma.  per  sq.in.  for  1/2  hr. 


Tempering 

Temp. 

Type  of 
Test 

Stress -1000  psi 

Time  to 
Rupture -hrs . 

Stress  Based  on  Final  Fracture 
Area- 1000  psi 

K  »  1 

K  -  5 

K  «  1 

K  •  5 

K  -  5 

125.0 

58.0 

114-*- 

155.0 

75.0 

120-*- 

1.4 

127.0 

190.0 

102.0 

0.6* 

0.1 

Stress 

170.0 

150.0 

0.6* 

0.003 

Rupture 

150.0 

199.0 

0.2* 

0 

200.0 

O 

Test 

202.0 

•  •• 

0.1* 

95.0 

0.054 

98.0 

0.034 

— 

--- 

psi) 

170.7 

EM 

0.0854 

0.045 

CnnKrant 

255.3 

iBil 

0.0144 

0.0055 

— 

Rate  Test 

280.1 

0.003 

0.0015 

--- 

EM 

0.0008 

WBSM 

50.0 

100-*- 

165-^ 

— 

kSI 

65.0 

19.94 

4.7 

126.0 

WSSM 

77.0 

3.4 

127.0 

176.0 

162.0 

13.24 

3.0 

250.0 

230.0 

185.0 

1.5* 

2.6 

286.0 

240.0 

108.0 

0 

2.1 

181.0 

700°  F 

200.0 

145.0 

Qi8]- 

0.4 

233.0 

f230  000 

210.0 

[3.^* 

0 

273.0 

220.0 

193.0 

[1.5]* 

0 

240.0 

psi; 

240.0 

— 

Co.oB 

— 

— 

226.3 

0.036 

... 

223.0 

0.014 

0.0055 

•  •• 

Rate  Test 

230.0 

0.002 

— 

*Broke  at  Fillet 
-t- Broke  Under  Head 
C  DCopper  Plated 
-*■  Old  not  Fracture 
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TABLE  III  (b) 


Results  of  Sustained -Load  and  Constant  Rate  Tests  on  Hydrogen  Embrittled  and 
Copper  Plated  Specimens  from  4340  Steel  (1600°F/oil)  Test  Temp.  =  R.  T. 


Tempering 

Temp. 

Treatment 
Given  to 
Specimen 

Type  of 
Test 

Stress  - 
1000  psi 

Time  to 
Rupture -hr  s . 

Stress  Based  on  Final  Fracture 
Area -1000  psi 

K  »  10 

11 

o 

K  •  10 

n 

117 

Stress 

isii 

308 -► 

Hydrogen 

Rupture 

31 

281.0 

Embrittled 

Test 

15 

309.0 

447 

4.8 

294.0 

ma.per  sq. 

276.0 

0.008 

310.0 

in. for  1/2 

hr. 

Constant 

0. 1 

Rate  Tesi 

0.01 

— 

0.001 

8000? 

(210,000 

■■■ 

psi) 

100 

— 

WSm 

5.7 

333.0 

Coj^r 

Stress 

5.2 

280.0 

PUted 

Rupture 

250.0 

4.25 

315.0 

Test 

259.0 

1.1 

295.0 

266.0 

0.2 

— - 

Did  not  Fracture 
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0.394 

“T“ 

0.315 

~T 

SMOOTH  mSD  8F1CIKIN8 


HOTOR  nHSZXJ  AID 

sostaiud-loas  sPioiNm 


SMOOTH  sostaiud- 

LOAS  sraoiim 


no.  1 

TBBILI,  SOSTAIMID  LOAD  AMD  BDID  ayiCHHEMB 
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ria.  2 


HABSHlSa  AS  A  lUHCTIi 
roa  TBl  4340  8TIIL  S' 
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2 


no.  3  rixTURE  roR  concehtric  loadino  or 

0.3-IN.  DIAMETER  TENSILE  SPECIMENS. 
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1 


TIG.  4  FIXTOR3  USED  EOH  BEND  'TESTS. 
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CHAROIIO  Tin  -  Nil. 


fia.  5*  omiCTioN  AS  a  iunction  or  charoivo  Tin  roR  smooth 
USD  sncinHS  or  4340  smi  with  straih  rati  aid 

ETSROaBir  COBTIBT  AS  PARANITIRS.  TIST  TIMPt  R.T. 


WAOC  TR  55-18 
Pt.  1 


SO 


0  25  50  75  100  125 


OEABOXHO  TXNI  -  NXV. 


rxo.  5^  mCTOBS  loac  as  a  iovction  ot  chaboino  time  toe 
SMOOTH  EIKD  SPlCIKin  OF  4340  SfllL  VITH  STRAIN 
SATl  AND  EXDROCaD  OONOINTBATXON  AS  PARAMIflRS. 
TIST  TBIPl  E.T. 


WADC  TB  S5>18 

Pt,  1 


31 


135 

MIN. 


fxa.  5e  unjcTioH  asd  mcTUHi  load  as  a  ruNcrios  oi  chabouto 

TIMl  TOB  BOTCHED  BUm  8FBCZKEH8  OF  43^  SfIBL. 

TEST  TEKP:  B.T. 
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rzo.  6  ifiiOT  or  TjaiiotTi  niAfioin  oi  tbi  soot iLifr  or 

OOMNIBOIALLT  FLAflD  •nomm  or  43UO  mul. 

fMf  CMFt  l.f , 
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I 


rza.  7  TlNSILl  STRZNOTH  07  HTDROOIN  SMSRimZD  0.3  IN.  TIA.  TENSILE 
8P1CIMIH8  07  4340  STEEL  AS  A  TUECTION  07  TEMPERING  TEMPERATURE 
TOR  TWO  DITRRSNT  HTSROOEN  CONTENTS.  TEST  TEMP:  R.T. 


WADC  TR  55-18 
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msiLB  STRxirora  -  looo  psi 


4340 

1600°7/OIL 


TIKPERXVO  flMPlBATDBI  - 


O  KIOITTN  ETDROOin  COBTUITt  44?  Hk.  PIE  8Q.  IH.  POE  1/2  BE. 

•  BIOH  HYSEOOm  COHTIBT:  44?  NE.  PIE  8q.  II.  lOE  2-1/2  BE. 
(  )  SEOn  UBOIE  BEAD 

BAfHi  lOji  H«OE  if  30*’C. 


ria.  8  fIBSXLl  STBXBOfB  OP  BTSEOaiH  IMBIXTTLK)  0.3  XH.  DXi.  flHSXLl 

EPBOXNiRB  or  4340  sfiiL  AS  A  luvof xoB  OP  TWPiExio  mmum 

POE  TBia  PlfflEUf  EOUXB  EAfIS.  TUT  fINPt  E.f. 
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VOfCH  STBraOTH  -  1000  P8X 


TBCPIRIHO  fBCPlBATDBl  - 


fxa.  9  VOTCH  8TBXN0TE  OT  HTDBOOIH  IMBRITTLU)  0.3  IV.  Sli .  NOTOHIS 
nvSILI  8F1CIMIV8  (Z  «  3)  OV  4340  SOIL  AB  A  VDVCTIOH  OF 
nKFBRINO  TBIFIHATOBI  VOR  TVD  DlfllHUT  EnBOOn  OOVTUTS. 
nST  TBCF;  I,T. 
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1000  P8I 


4340 

1600®F/0IL 


0.02  IV.  FIR  MZH.  0.20  IV.  FIR  MIV.  2.00  IN.  FIR  KIV. 


400  600  800  400  600  800  400  600  800 


TlKFVRIVa  TlMFRRATORl  - 


O  KIDIUM  HIOROOW  COBTlHTs  44?  XA.  FIR  Sq.  IV.  TOR  1/2  HR. 
•  BIOH  RTHROaiV  OONTBVTt  44?  KA.  FIR  8q.  IV.  FOR  2-4/2  ER. 

BIfli  10)(  VttOB  if 


VZO.  10  VOTGH  8TB1V0TE  OF  E7SR00W  IMBRITTLFD  0.3  ZV.  OIA. 

VOTOBB)  TBV8IZJ  8F1CIXIV8  U  ”  3)  OF  4340  tfllL  AS 
A  lUVOf lOV  OF  TIHFIRZHO  fBIFlRATORI  FOR  fBHI 
OZFimiT  8TRAIV  RATIS«  flSf  TlNFt  R.T. 


WAIX;  TR55-li 
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NIDIUM  ETSROOIH  OONTXKT:  HIOE  HYBROOIH  COSTIST: 

Wf  la.  PIR  8Q.  IE.  TOR  1/2  HR.  44?  KA.  PIR  8Q.  IH.  fOR  2-1/2 


rza.  11  lOTOH  8TRIH0TH  Of  HUSOOII  IKBRITTUl)  0.3  IV.  DIA.  NOTOBIS 


fmzzj  8FI01MIV8  (I  •  5)  07  4340  8TIIL  A8  k  fDIOTZOV  Cf 
ONFIRIIO  nNPBUZOll  fOB  fVO  OITlISIlf  SZSIOfln  OOBMWI. 


VOTOE  STBrnrOfE  -  1000  P8I 


4340 

1600®7/0IL 

0.02  IN.  pm  MIN.  0.20  IN.  PSR  MIN.  2.00  IN.  PBR  MIN. 


O  MINIUM  HTNROaiN  C0NTBBT«  44?  MA..  PSR  Sq.  IN.  FOR  1/2  HR. 
•  Hira  ETDROOIN  CONTINT:  44?  NA.  PIR  Sq.  IN.  FOR  2-1/2  HR. 

BAfEi  10)(  IftOE  AT  30°C. 

no.  12  NOTCH  STBINOTH  OF  HTDROOIN  EMBRITTLED  0.3  IN.  DIA. 

NOTCHID  TENSILE  SPECIMENS  (E  -  5)  OF  4340  STEEL 
AS  A  JUNCTION  OF  TINPIRINO  TEMPERATURE  FOR  TBBII 
DIITERENT  STRAIN  RATES.  TEST  TINPt  R.T. 
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200  400  600  800  200  400  600  800  1000 

TWPIBIHO  TIKPIRATURS  - 


710.  13  NOTCH  STRXNOTH  07*H71]R001N  XMBRITTLID  0.3  IN.  DIA.  NOTCHED 
*  TlNSILl  SFICIMBNS  (K  •  10)  07  4340  STIIL  AS  A  70NCTION  07 
TEKPIRINO  TlNFERA'nJBl  TOR  TVO  DX711RINT  HTSRO(aN  CONTIHTS. 
S8T  TIMPr  R.T. 


WADC  TR  55-18 
Pt.  1 


40 


VOTCH  STBIHOTH  -  1000  PSI 


4340 

I600°r/0IL 


0  MEDIUM  HTDROOIN  C0KTEK7:  44?  MA.  PER  SQ.  IN.  FOE  i  HR. 
•  HIOH  HTDROOIN  CONfBNT:  447  Hi.  PIR  Sq.  IN.  TOR  2^  HR. 
BAfEt  10)(  NaOE  IS  30OC. 


no.  14  NOTCH  STRENGTH  OF  HTDROOIN  INBRITTLED  0.3  IN.  DIA. 

NOTCHED  TENSILE  SPECIMENS  (K-  10)  OF  4340  STEEL 
AS  A  FUNCTION  OF  TEKFIRINO  TEMPERATURE  FOR  THREE 
DIFFERENT  STRAIN  RATES.  TEST  T9IP:  R.T. 
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1000  PSI 


350 


Cl 

2.00  IN.FER  MIH 


0.20  in.  PER 


TEMPERIHO  TEMPERATURE-®? 


FIO.  15  EOTCH  STRERGTH  OF  HYDROOEH  EMBRITTLED  0.3  IE.  DIA.  EOTCHED 

tershe  srcimehs  of  1^340  steel  as  a  furctioe  of  tehferieo 

TEMPERATURE  FOR  THREE  DIFFEREHT  STRAH  RATES.  TEST  TEMP:  R.T. 

42 


VADC  TR  55-18  Pt.  1 


VOVCH  8TRXH09H  -  1000  P8Z 


350 


4340  1600®T/0II 


fXO.  16  HQTOH  STBUOTH  OF  HmOOlH  aOBRITTLID  0.3  IH.  SXA.  HOTCBU) 

nnrsixj  spicimra  or  4340  sniL  as  a  iunctios  or  TsmsiHO 

nKFIBAIOBI  fOR  TBBIS  SIfllBIlT  8T8AX1  BAII8.  fIST  flMFt  &.T. 
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TIG.  17  STRESS  EUPTDBl  OIAOBAM  TOR  HT13HOOIH  ENBRITTLED  0.3  IN.-DIA.  NOTCHED  SPECIMENS 
(E»  5)  Of  4340  STEEL.  TEST  TEMP:  H.T. 


STRESS  RUPTURE  TES' 
HOTGH-^CDnilOH:  TEST 
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lia.  It  STRESS  RUPTURE  LllGSJM  TOR  HTllROaEN  SMBRITTUBD  0.3  IH.-UIA.  HOTCBBD  SPECIMBHS 
(r  «  5)  or  4340  STEEL.  TEST  TEMP:  R.T. 


WADC  TR  55-18 
Pt.l 
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TIG.  19  SfBISS  gjyrUM  DIAGBAN  JOEL  BTSR0GB7  BOBRIRLID  0.3  IR.-DIA.  NOTGHU)  SFECIMIIS 
(I  •  10)  or  4340  SfBL.  TI8T  TBIP:  S.T. 


(o  8TBIS8  EUPTUHI  TIS 

soo^r  (210,  coo  P8I)  \  •  loTCE-nniai  test 
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TIG.  20  8TB188  RDPTOBl  OIAOSAM  FOB  COPPER  PLATBD  0.3  IK.-DIA.  BOfCHll}  SPXCIMIIIS 

OF  4340  STEEL,  TEST  TEKP?  B.T. 


HTDROGSF  BOBITTLSD 


TIG.  21  STBK8  HDIPTOBE  DIAGHAM  JOE  HITROGIH  IMBRITTLED  AND  COPPER  PLATED  0,3  IN.-DIA. 
NOTCHED  SPECIMENS  OP  43^0  STEEL.  TEST  TEMPI  R.T. 
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no.  22  SCR188  En?TDBl  HlkSaJM  TOR  HTIAOOIV  SNSRITTXiiD  0.2  IH.-DIA.  SMOOTH  AHS  0.3  IH.-DIA 
■OTCHID  SPIGIKEHS  OW  <»340  8T1IL.  TIST  TIMP:  H.T. 
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no.  23  8TBISB  BDPTDBl  SIAOBAM  FOS  HTlAOaiV  SNBRITTLID  0.2  IV .^lA.  SMOOTH  ABD  0.3  IN. 
HDTCHID  SPICINIHS  OF  4340  STBL.  TI8T  TMP:  N.T. 


(270,000  PSI)(  HTDROGSN  SHERI 
(230.000  PSD  J  ^7  MA../8Q.IH. 
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riG.  24  SIBI8S  BDPTOHS  DIAGRAM  FOR  HTDROGBN  EMBRITTLED  AND  COPPER  PLATED  0.2  IN.-DIA 
SMObTH  SPECIMENS  OF  4340  STEEL.  TEST  TEMPI  R.T. 


r>  CM  CM  H  IH 


isd  0001  -  E£0fliaa;8  isoAdoa-gsisAe 

WADC  TR  55-18  52 

Pt.  1 


710.  25  LISIAR  8CR1S8  EOPTORI  OIACBUM  70S  HTBROOIH  SMBRITTIXD  ASB  COPPSR  PLATSB  0.3  IH.-DIA. 
VOTGHU)  SP1CJHII8  07  4340  SfIfL.  TIST  TDCP}  R.T. 


(270,000  PSI)|  HyDROOKN  aMBRITTLED 
(230,000  PSI) J  ^7  IN.  FOR  1/2  HR. 
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KG.  26  LIXBAR  STB1S8-B0PTUB1  SUGBAM  FOR  HTUROGSN  IMBRITTLED  AND  COPPER-PLATSD  0.2  IN.  DIA 
SMOOTH  SP2CIM1NS  OF  4340  STXXL.  TEST  TEMP;  R.T. 


SMOOTH  SPECIMEN 


Pia.  27  mCTORBE  ZONES  OT  EMBRITTLED  (a)  NOTCHED  SPECIMENS 

AND  (b)  SMOOTH  SPECIMENS  UNDER  SUSTAINED-LOAD  CONDITIONS. 
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0U8  HOTCH  8ZBBH0TH  -  1000  P8I 


no.  28  90T0H  8TS1H0TH  BHIBBII}  TO  ZS8TANTABZCUS  fBACTDBI  ASIA  A8  A 

TUH'^nZOI  07  HOPTOn  TZNI  701  ETHROOH  MIITTLIS  AHS  OOPflB- 

TLAfio,  0.3  ii.^u.-iofOBiB  spfoiNim  07  43^  snn. 

TUT  TUPS  B.T. 
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no.  29  CRACK  DETSLOPKENT  IN  NOTCHED  COPPER-PLATED  SPECIMENS 
UNDER  TWO  SUSTAINED-LOAD  CONDITIONS. 
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TIQI 


no.  30  CBACX  KDaCHATIOE  AB  A  lUHOTZOI  OF  TZMI  TO  BOPTOBX  FOB 

nnooBr-saBiTTzjs  iis  ooma-PunD.  0.3-ii.DU. , 
lOfGHBD  snoiNm  or  4340  aniL.  mr  tbcfs  x«r. 


WADC  TR  55-18 
Pt.  1 


57 


PLifIS 


DISTANCE  FROM  SURFACE  DISTANCE  FROM  SURFACE 


fXO.  31  nPXCflD  ETSROaur  OOVClBfEUTION  (EtASllXTS  IV  OAVSODIOAUT 
VKHRITTLEl)  ASD  PUTIS  SPVOUam  AlflR  nNOTAL  IIQN  fHI 
IZJOTROLTTIC  OILL. 

TXRI  A<^  TIMI  B<^TI)a  C. 
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